S yringomyelia is one of the most enigmatic conditions faced by neurosurgeons. These cysts within the spinal cord usually occur in association with other neurological conditions such as spinal cord injury, CM, arachnoiditis, and tethered cord. 5 Syrinxes form in either the central canal of the spinal cord, as in the case of Chiari-related syrinxes, or in the cord parenchyma, which occurs in posttraumatic syrinxes. However, the mechanisms by which syrinxes form and enlarge are not well understood, and treatment is often unsuccessful.
S yringomyelia is one of the most enigmatic conditions faced by neurosurgeons. These cysts within the spinal cord usually occur in association with other neurological conditions such as spinal cord injury, CM, arachnoiditis, and tethered cord. 5 Syrinxes form in either the central canal of the spinal cord, as in the case of Chiari-related syrinxes, or in the cord parenchyma, which occurs in posttraumatic syrinxes. However, the mechanisms by which syrinxes form and enlarge are not well understood, and treatment is often unsuccessful.
Syrinx formation is associated with conditions that affect normal CSF circulation. For CMs, the displaced cerebellar tonsils impede CSF flow at the foramen magnum. In the case of posttraumatic syringomyelia, arachnoiditis adjacent to the injury site impedes CSF flow. Similarly, arachnoiditis from infection or hemorrhage impairs CSF flow. However, it is not yet clear exactly how these flow alterations encourage the formation of a syrinx. That fluid flows into CNS tissue from the SAS through PVSs was first shown by Rennels et al. 23 for the brain, and into the spinal cord in a rat model by Stoodley et al. 24 Some clues from animal models of posttraumatic syringomyelia and arachnoiditis suggest that there is enhancement of this flow into the spinal cord adjacent to the region of arachnoiditis. 7 Perivascular spaces in the spinal cord are enlarged adjacent to arachnoiditis and the spinal cord pressure exceeds that of the SAS. 15 A recent modeling study 3 suggests that the arachnoiditis increases pressures in the SAS, which may contribute to this enhanced flow.
However, for a syrinx to enlarge and compress the surrounding spinal cord tissue, the laws of mechanics require that the pressure inside the syrinx must exceed the pressure in the SAS. This concept has been recently reinforced by the successful treatment of a syrinx by increasing SAS pressure.
9 Simple flow along a pressure gradient from the SAS to the cord parenchyma is clearly insufficient to explain how this reverse pressure gradient could occur, and the mechanism for the observed perivascular flow 7 in the presence of this adverse pressure gradient is puzzling.
The influence of the relative timing of arterial and subarachnoid space pulse waves on spinal perivascular cerebrospinal fluid flow as a possible factor in syrinx development
Our hypothesis is that CSF flow from the SAS into a section of spinal cord and syrinx that is under higher mean pressure than the SAS could occur if the arterial and CSF pulse waves arrive at the cord surface at different times. Such asynchrony could occur as a result of obstructions to CSF flow in the SAS. This study aims to evaluate the effect that temporal phase differences between cardiac pulsations in penetrating spinal arteries and the SAS pressure have on the flow of fluid through PVSs from the SAS into the spinal cord.
Methods
Because it is currently not possible to measure perivascular CSF flow in vivo, we have used computational fluid dynamics methods to examine the feasibility of our hypothesis. Computational fluid dynamics is a well accepted and valid method of accurately determining fluid flows in complex geometries 11, 22 and has been widely used for studies of CSF and blood flow in the human body. In brief, computational fluid dynamics solves the engineering equations for fluid flow by dividing the space into small cells, solving the equations for each of these cells, and then combining these cells together to reconstitute the whole volume.
In constructing the model, we have used pressure and flow values that have been used for the SAS in previous studies, which in turn have been based on measurements in healthy humans. Arterial pulse waves were based on measured human peripheral arterial pressures. A PVS was modeled with an opening into the SAS. The model examines CSF flow within the PVS and assesses the effect of variations in the relative timing of arrival of the arterial pulse and the subarachnoid pulse at the opening of the PVS at the surface of the spinal cord. Net CSF flow into the spinal cord was then calculated for variations of the difference in arrival of the arterial and subarachnoid pulses.
Model Geometry Corresponding to Spinal PVSs
An axisymmetric model simulated a radial "slice" through the artery, PVS, SAS, and spinal cord (Fig. 1) . Dimensions for the PVS and artery represent a "typical" spinal-penetrating artery and are identical to those used in the study of Bilston et al. 2 That study evaluated the effect of dilated PVSs, and they are not included in the current model. Pressure in the SAS varied with time throughout a simulated cardiac cycle and was defined from the pressures calculated in a previous study that examined the effects of arachnoiditis on pressures in the spinal SAS. The pressure-time histories simulated are shown in Fig.  2 upper. The traveling pulse wave along the artery was modeled as a wave traveling at 5 m/second acting to radially dilate the arterial wall (thus narrowing the PVS). The waveform (Fig. 2 lower) was obtained from research by Millasseau et al., 20 and the amplitude was 10 µm. Both the CSF flow wave and the cardiac pulse wave have a period (cycle duration) of 1 second, corresponding to a heart rate of 60 beats per minute. The average gauge pressure at the outlet of the PVS was defined as zero.
Cerebrospinal Fluid
Cerebrospinal fluid was modeled as a waterlike (Newtonian) fluid. 4 The spinal cord was modeled as a rigid material, because the pressures in the PVS were expected to be significantly less than the elastic modulus of the spinal cord, and thus cause negligible deformation surrounding the PVS.
Simulation Details
The simulations were performed using ANSYS CFX version 11 (ANSYS, Inc.), which was used to solve the equations that describe how fluid flows due to changes in pressure and boundaries of the space in which it lies: the incompressible Navier-Stokes equations for an incompressible fluid of constant viscosity. The software uses a coupled solver to solve the discretized equations on a finite volume mesh using a vertex-based method. Second order bounded differencing was used for both spatial and temporal derivatives. A swept hexahedral mesh was used, which was constructed to align with the flow in the PVS and the inlet. Tests were performed to ensure both mesh and time-step independence of the results. To simulate possible resistance to flow at the inlet of the PVS caused by the pia mater, a porous resistance (a spongelike region) was added at this location, with permeabilities of 10 −8 and 10 −9 m 2 . In all cases an initial steady-state run was performed to establish the flow and to provide a consistent starting flow-field for the transient run, in which the pulsatile CSF flow generated by the cardiac cycle was simulated. A transient solution was then performed, with the solution converged to a normalized residual of < 10 −4 for all variables. A time step of 1 msec was used. Double precision arithmetic was used to avoid any problems from rounding errors.
Results
The mass flow rate through the PVS was strongly dependent on the relative timing of the arterial pulse wave and the pressure wave in the SAS. When the peak pressure in the SAS coincided with peak expansion of the arterial wall, the flow into the PVS was low (base condition). When the peak SAS pressure wave coincided with minimum diameter of the arterial wall (offset = 0.5 second), the mass flow rate was substantially higher, as shown in Fig. 3 . The presence of the pia mater had no significant effect on flow into the PVSs (< 0.1%), within the range of permeabilities simulated.
Discussion
The literature is replete with theories attempting to explain the pathogenesis of syringomyelia, including those based on hydrodynamics and biological factors. Hydrodynamic theories include pressure propagation from coughing or straining, 25 elevated pressures due to CSF flow obstruction, 1 and elevated SAS pressures. 3 More recently, Greitz 12 has proposed that a Venturi effect may be caused by faster CSF flow in the SAS, and that this may encourage radial dilation of the spinal cord, allowing accumulation of interstitial fluid to form a syrinx, although the CSF velocities measured experimentally would suggest such an effect would be very small. Levine 16 has proposed that transient differences in CSF pressures above and below a blockage result in different vessel calibers that locally distend the spinal cord, allowing fluid to cross the blood-spinal cord barrier. Lichtor et al. 18, 19 recently reported data indicating that there were changes in the timing of the peak flows and reduction in the motion of the spinal cord in the cervical SAS after successful decompression of a CM in a patient with a large syrinx, which suggests that these factors may also be relevant. Oldfield et al. 21 indicated that there were differences in CSF flow timing in patients with CMs pre-and postoperatively. Heiss et al. 13 have shown that there are differences in the shape of the lumbar CSF pressure wave between patients with CMs and healthy volunteers, which are eliminated after surgery. However, supporting experimental data are not available to prove or disprove most of these theories. Designing in vivo experiments to test these theories is not straightforward. Mathematical modeling, while unable to definitively prove a theory, has the potential to demonstrate the feasibility (or otherwise) of these hydrodynamic theories.
The simulations reported here have shown that the relative timing of the arrival of the arterial pulse wave and subarachnoid pressure wave at the junction of the PVS and SAS could theoretically affect CSF flow along PVSs. The physical basis for this can be explained as follows (Fig. 3 lower) : if the peak SAS pressure occurs at a time when the PVS is largest, then there will be the lowest resistance to CSF flow. This will occur when the artery is smallest, between the pulse wave peaks, or when the SAS pressure and arterial pressure waves are out of phase. For this same phase offset, later in the cycle, when the artery is at its maximum diameter and the pressure is lowest in the SAS, the smallest amount of CSF backflow into the SAS will occur, because the PVS is at its smallest. On the other hand, if the 2 waves peak at the same time (in phase), then the PVS is narrowest at the same time the SAS pressure is greatest, thus maximizing resistance to CSF flow. Later in the cardiac cycle, the PVS is largest when the SAS pressure is low, thus facilitating backflow.
The results from this study suggest that factors that alter the relative timing of the SAS and arterial pulse waves may influence flow into the spinal cord from the SAS. The SAS pressure wave is created largely by arterial pulsations in the brain, pushing CSF out of the skull and into the spinal SAS through the foramen magnum. It is conceivable that changes in the geometrical arrangement around the foramen magnum, such as a CM, or other obstructions of the SAS may alter the timing of this fluid flow or the shape of the flow wave, thus affecting the spinal SAS pressure wave. Although there is no direct evidence from CSF flow studies to directly confirm or refute this hypothesis, in support of this theory, CSF flow studies conducted by Lichtor et al. 18, 19 showed that the peak CSF flow in the upper cervical spinal canal occurred later in the cardiac cycle after successful surgical treatment for a single patient with a CM and an associated syrinx. These investigators found no change in the timing of flows in the midcervical spine. Oldfield and colleagues 21 found that cranial CSF flow occurred over a larger proportion of the cardiac cycle in patients with CMs pre-and postoperatively. Heiss et al. 13 have shown that there are differences in the shape of the lumbar CSF pressure wave between patients with CMs and healthy volunteers, which are abolished after surgery. Brugières et al. 8 found that after surgery the diastolic CSF flow peak in patients with CMs occurred earlier in the cardiac cycle, and the diastolic CSF flow peak in patients occurred significantly later than in healthy volunteers, although it is not clear that measurements were made at the same spinal levels in both groups. Hofmann and colleagues 14 observed differences in flow timing in the anterior and posterior cervical CSF spaces between patients and healthy volunteers, with diastolic flow delayed slightly in the anterior space and occurring slightly earlier in the anterior space for patients. On the other hand, Wolpert et al. 26 found that flow was earlier in the anterior space in patients with Type I CMs than in healthy controls. The results of this study suggest that a systematic comparison of CSF flow timing in patients with and without syrinxes would be useful to determine the relative importance of such flow timing changes. There is little data on this topic in patients with posttraumatic syringomyelia. Furthermore, it is not currently possible to measure CSF flow in PVSs in human patients, which would allow us to directly validate this model.
The arterial pulse wave is a long-wavelength, fasttraveling pulse (1-10 m/second). The wave speed can be influenced by the mechanical properties of the tissues in which it travels and the tension, so that stiffer materials and those under tension have higher wave speeds. This characteristic suggests that if the spinal cord is under significant tension, such as in tethered cord syndrome or as a result of localized arachnoid adhesions, it could alter the timing of the pulse wave and the SAS pressure. These speculations require experimental testing, although this is technically very challenging with current techniques, both in animals and humans.
In patients with syringomyelia, the PVSs may be dilated. 15 This condition was not simulated in the current study because a previous model determined that flow increases linearly with the cross-sectional area of the PVS. That result suggests that flow will increase if PVSs are dilated.
Fluid accumulation in the spinal cord parenchyma has been suggested to be a precursor to syrinx formation in patients with obstruction of spinal CSF flow 16 and in a patient with a CM. 17 Increased CSF flow into the spinal cord has been observed in animal models of syringomyelia and arachnoiditis as a result of impediments to flow in the spinal SAS. 6, 15 The physical reasons for this increased flow are not well understood, although previous animal and modeling studies have shown that arachnoiditis may increase pressure in the SAS, 3, 15 which may facilitate additional flow into the cord. The current study adds to these data, suggesting that conditions that result in a change in timing of CSF flow relative to the cardiac cycle, perhaps as a result of an obstruction or change in spinal cord mechanics, may enhance flow into the cord from the SAS.
The key conceptual problem with a theory of syrinx enlargement that relies on flow of fluid from the SAS into the spinal cord is the lack of an explanation for how such flow could occur against the pressure gradient that is required if a syrinx is enlarged and compressing the surrounding spinal parenchyma. Continued net fluid flow into the spinal cord once the mean pressure in the syrinx (or cord parenchyma) exceeds that in the SAS requires the following: 1) an alternative source of fluid; 2) some form of restriction on fluid outflow from the cord combined with a period of time in which the SAS pressure is transiently higher than the syrinx; or 3) an active pumping mechanism. Although this study does not directly solve this problem, it does suggest that there could be a bias toward flow from the SAS into the spinal cord when the cardiac pulse wave in the PVS is out-of-phase with the pressure wave in the SAS. This bias may be involved in the development of the "presyrinx state" of increased fluid content in the spinal cord.
10 Together with our previous study, 2 which demonstrated the potential for flow to continue through the PVSs against a moderate pressure gradient, the implication is that while the pressure in the syrinx remains lower at the same time as the peak pressure in the SAS, there is then the potential for flow to continue in the syrinx due to the timing mismatch.
This study has used computational fluid dynamics to model flow into a "typical" spinal PVS surrounding a small penetrating artery. The profile and wave speed of the simulated arterial pulse are based on data from the literature, 20 as data for these parameters in the small arteries that supply the spinal cord are not available. Sensitivity analysis shows that, while the exact shape of the pulse wave and SAS pressure waves will subtly change the absolute values of the CSF flow, the timing effects are not strongly affected unless changes to the shape affect the pressure peaks. This study used the SAS pressure wave calculated in a previous study of CSF flow in the SAS in the presence of arachnoiditis in the spinal SAS, which would be consistent with posttraumatic syringomyelia. 3 Because the perivascular flow is incompressible, changes in the magnitude of the SAS pressure will predictably influence the magnitude of the perivascular CSF flow, without altering the phase effects that are the main focus of the current study. This study has considered the PVS outlet pressure to be zero, effectively modeling the pressure difference between a syrinx (or the center of the spinal cord parenchyma) and the SAS. It has not, therefore, considered the effects of increasing syrinx pressure on the flow. However, as syrinx pressure increases relative to the SAS pressure, flow will decrease in proportion to the pressure difference between the syrinx and the SAS, with all other variables remaining the same. This study models the emergence of the penetrating artery into the SAS at right angles to the surface of the spinal cord. However, penetrating arteries do turn within the width of the SAS to lie along the surface of the spinal cord, which has not been included in the current model.
Conclusions
The results of this study have indicated that CSF flow into the spinal cord from the spinal SAS through PVSs may be influenced by the relative timing of the arterial pulse wave and the pressure in the SAS. Direct examination of this phenomenon in patients with CMs and posttraumatic arachnoiditis may further clarify whether the phase differences are sufficient to alter the magnitudes of flow into the cord. 
